The effect of the presentation rate and exposure duration of visually presented words on brain activity was investigated using positron emission tomography. Subjects either read aloud or silently mouthed the names of words. In regions associated with early visual analysis, activity increased with both rate and duration; in regions associated with response generation, activity increased with increasing rate but was unaffected by duration; and in regions associated with word recognition, activity decreased with increasing duration. The variable responses of different brain regions illustrate the functional segregation of these regions. Of particular interest was the dissociation between activity in the posterior fusiform gyri and that in the medial lingual gyrus-in the former, activity increased with rate and duration but the latter was unaffected by either variable. This finding suggests that word processing in the lingual gyrus during reading is distinct from that in the posterior fusiform gyri. A further observation was that during reading aloud, when subjects can hear the sound of their own voice, the response in the primary auditory cortices increased with stimulus rate, demonstrating that subjects process the sound of their own voice in a qualitatively similar way to words spoken by another.
INTRODUCTION
With the rapid progression of functional imaging techniques, it is now possible to detect subtle changes in neuronal activity during mental activity using positron emission tomography. Sophisticated data acquisition and analysis, however, are only advantageous when activation studies are optimally designed. There are many dependent design variables which include the appropriate choice of behavioral baseline state (see Sergent, 1994 ) and the sensory modality by which stimuli are delivered to the subject. The choice of baseline may be a condition involving no activation or partial activation of the process of interest. The input modality may be auditory, visual, or tactile but for each type of stimulus, there are numerous presentation options involving different combinations of stimulus rate, intensity, and duration. Previous studies have already illustrated the influence some of these variables have on regional cerebral blood flow (rCBF), which reflects net local synaptic activity (Jueptner and Weiller, 1995) . For example, activity in primary visual cortex increases linearly with stimulus rates between 0 and 7.8 Hz (Fox and Raichle, 1985) , activity in the primary auditory cortex increases linearly between hearing 10 words per minute (wpm) and 90 wpm (Price et al., 1992) and, contrary to what might be expected, activity in brain areas involved in recognizing seen words decreases as the stimulus duration of visually presented words increases from 150 to 1000 ms (Price et al., 1994) . The inverse relationship between stimulus duration and the intensity of signals associated with word recognition indicates that brain activity associated with reading is less likely to be detected with prolonged durations.
The present study investigates the effect of the stimulus rate and its interaction with stimulus duration on brain activity while normal subjects read visually presented words. The overall aim of this study, in conjunction with others in preparation, is to establish the presentation conditions which maximize signals associated with reading activity in both normal and aphasic subjects. However, correlating brain activity with presentation variables can also identify functional segregation of brain regions by their differing responses to stimulus variables. For instance, the response to hearing words in the left posterior temporal region differs from that in bilateral and more anterior regions of the temporal lobes-the former is independent of stimulus rate, while activity in the latter is directly dependent on the rate of hearing words (Price et al., 1992) . Similarly, the time course of different processing functions can be measured by monitoring the intensity of activity in response to different stimulus durations. For in-stance, activity in word processing areas decreases as stimulus duration increases from 150 to 1000 ms (Price et al., 1994) , and further studies could define the duration when maximum activity occurs.
Finally, this study aims to clarify some of the differences in results obtained in different research centers which, at present, select inconsistent presentation variables to investigate the functional anatomy of language. For example, Petersen et al. (1990) in their PET studies of reading serially presented words for 150 ms at a rate of 60 wpm; Howard et al. (1992) presented 40 wpm for 1000 ms each; and Price et al. (1994) presented 40 and 60 wpm for either 150 or 1000 ms each (although rate has not been varied within the same experiment).
The stimulus rates chosen for the present study were 20, 40, and 60 wpm and the stimulus durations were 150 and 1000 ms. The third variable we studied was the response-reading aloud or silently. Evidence from both psychological and neuroimaging studies has illustrated that phonological processing occurs during silent word viewing even when subjects are engaged in an irrelevant task (see Macleod, 1991; Price et al., 1995) . However, it has not been established whether activity related to phonological processing is less during reading silently than during reading aloud. To ensure that phonological retrieval was matched during the silent and aloud conditions, during silent reading the subjects mouthed the name of the word. Silently mouthing a word demands complete retrieval of phonology and activation of motor pathways to articulate the word, thereby limiting the differences between reading silently and aloud to sound generation and to perceiving one's own voice. The latter permitted investigation of auditory activation in response to one's own voice.
METHODS
Six right-handed English speaking male volunteers (mean age 57 years 7 months, age range 31-71 years) with no history of neurological disorders gave informed consent to participate in 12 consecutive measurements of rCBF using PET with bolus infusion of H 2 15 O. Under 10 conditions the subjects named visually presented words, and under 2 conditions the subjects rested with eyes closed. The rest conditions were included to allow identification of activated brain areas during reading. There were two presentation variables: stimulus rate (20, 40, 60 , and 120 wpm) and stimulus duration (150 or 1000 ms). There was one response variable: reading aloud or silently. Under the silent condition, subjects were instructed to mouth the name of the word without generating any audible sound. The 12 conditions are listed in Table 1 . The order of presentation was randomized. One condition (silent reading at 120 wpm) was removed from the final analysis because some subjects were unable to maintain the high rate of articulation required to mouth the words throughout the scanning period.
Data Acquisition
Scans were performed on a CTI/Siemens 953B (Knoxville, TN) dedicated head scanner with retracted septa (Spinks et al., 1992) The interval between successive H 2 15 O administrations was 10 min. Data were acquired in one 90-s scan frame, beginning 0-5 s before the rising phase of the head curve (Silbersweig et al., 1993) .
Correction for attenuation was made by performing a transmission scan with an exposed 68 Ge/ 68 Ga external source at the beginning of each study. Images were reconstructed in 3D by filtered back projection (Hanning filter, cutoff frequency 0.5 Hz), giving a transaxial resolution of 8.5 mm full width at half maximum (Spinks et al., 1992) . The reconstructed images contained 128 × 128 pixels, each 2.05 × 2.05 × 2.00 mm in size.
Note. The conditions were either resting with eyes closed or reading single visually presented words from an Apple VDU. The rate of word presentation was 20, 40, 60, or 120 wpm. The exposure duration was either 150 or 1000 ms. The response was either silently mouthing the names of the words or reading the words aloud.
Image Analysis
Image analysis was performed on a SPARC STA-TION II (Sun Microsystems Europe Inc., Surrey, UK), using an interactive image display software package (ANALYZE, Biodynamic Research Unit, Mayo Clinic, Rochester, MN; Robb and Hanson, 1991) and statistical parametric mapping (Frackowiak and Friston, 1994 ; SPM software, MRC Cyclotron Unit, London, UK). Calculations and image matrix manipulations were performed in PRO MATLAB (Mathworks Inc., Sherborn, MA).
The distribution of rCBF in the brain was indexed by the accumulated counts over the scanning period, which reliably reflects flow in the physiological range (Fox and Mintum, 1989; Mazziotta et al., 1985) . These data were reorientated parallel to the intercommissural line (Friston et al., 1989) and then standardized for brain size and shape . When stereotactically normalized, one voxel in the transformed image represented 2 mm in the x and y dimensions and 4 mm in the z dimension, which corresponds to the dimensions of the atlas of Talaraich and Tournoux (1988) . The standardized images were smoothed with a Gaussian filter 20 mm in width to account for variation in gyral anatomy and individual variability in structure-function relationships and to improve signal-to-noise. As a result, each voxel rCBF equivalent value corresponds to a weighted mean rCBF centred in a spherical domain of about 20 mm in diameter.
Global variance between conditions was removed by a previously described method (Friston et al., 1990) , using analysis of covariance (ANCOVA). This analysis generated maps of adjusted mean values of rCBF for each of the experimental conditions with corresponding associated adjusted error variance maps required for comparison of these means. The differences between conditions were assessed by formal comparisons of the condition-specific rCBF maps. Adjusted condition means and variances were compared on a pixel by pixel basis by weighting the condition means by an appropriate contrast . The resulting map of t values constituted the t-statistical parametric map (SPM{t}) displayed in the standard anatomical space of Talairach and Tournoux (1989) . The map indicates the sites of statistically significant change in relative blood flow distribution associated with the differences between the compared conditions.
The contrasts used in the analysis identified the brain areas where there were (1) main effects of reading versus rest; (2) main effects of output response (i.e., silent versus aloud); (3) main effects of stimulus rate; (4) main effects of stimulus duration; (5) interactions between stimulus rate and duration; and (6) interactions between stimulus rate and output response.
The contrast for rate weighted the 20-, 40-, and 60-wpm conditions −1, 0, and 1, respectively. The resulting t statistic can be thought of either as testing for a correlation between this contrast and the mean activation of the different conditions or as a categorical comparison between high and low presentation rates.
With so many voxel by voxel comparisons many t values reach conventional levels of significance by chance. Therefore, the significance threshold was adjusted to Z ‫ס‬ 3.0, P < 0.001 to protect from false positives (Bailey et al., 1991) .
RESULTS

Areas Where Activity Increased during Reading Words vs Rest
Word scans were divided into three groups; silent reading with 150-ms presentations, silent reading with 1000-ms presentations, and reading aloud with 1000-ms presentations (there were no conditions for reading aloud with 150-ms presentations). Each group was contrasted with the resting scans. The areas where activity increased for words was consistent across groups and included bilateral activation of (1) visual and visual association areas, (2) motor, premotor, and cerebellar areas, (3) temporoparietal areas, (4) prefrontal areas, and (5) subcortical areas. The coordinates of the activated areas, with the corresponding Z scores, are shown in Table 2 .
Reading Aloud vs Reading Silently
The reading aloud scans with 1000-ms durations were contrasted with the reading silently scans with 1000-ms durations (a comparison of aloud and silent with 150-ms stimulus duration could not be made because there were no conditions for reading aloud with 150-ms presentations). For both reading silently and reading aloud, subjects mouthed the phonological representations of the words but only under the aloud condition did subjects generate sound and hear the sound of their own voice during vocalization. Areas that were activated more during reading aloud than during reading silently were identified in the superior temporal gyri bilaterally, close to Heschl's gyri, the left temporoparietal junction, the left inferior temporal gyrus, the midline cerebellum, the left precentral and right sensorimotor cortices, and the bilateral thalamic and putamenal regions. The coordinates of the activation peaks for reading aloud in contrast to reading silently along with the corresponding Z scores are shown in Table 2 . There were no areas that were activated (above rest) more during reading silently than during reading aloud.
The Main Effect of Stimulus Rate
The main effect of stimulus rate was assessed independently for reading aloud and reading silently. We distinguish between positive effects of rate where activation above rest increased with increasing rate and negative effects of rate where activation above rest decreased with increasing rate. For both reading silently and reading aloud, positive effects of rate were detected in visual areas (bilateral posterior and middle fusiform gyri), motor areas (cerebellum, SMA and bilateral precentral gyri), the thalami, bilaterally in the superior temporal gyri, the left posterior inferior temporal gyrus, and the left dorsolateral prefrontal cortex (in the vicinity of Broca's area). For reading aloud there was also a positive effect of rate in the left temporoparietal junction and the left sensorimotor cortex. For reading silently there were negative effects of rate in left and right temporoparietal junctions. The coordinates of the peaks with the corresponding Z scores for these contrasts are shown in Table 2 . Figures 1 and 2 illustrate the effects and their location in the brain.
The strong positive effects of rate in the posterior fusiform gyri contrasted quite dramatically with the absence of rate effects in the nearby medial lingual gyrus (see Fig. 1 ). The difference between slopes (changes in rCBF with rate) was assessed using Pearson's r and Fisher's transform. At the coordinates for the medial lingual gyrus Pearson's r ‫ס‬ −0.4, at the coordinates for the left and right posterior fusiform gyri Pearson's r ranged from +0.7 to +0.8. The difference between the slopes at each posterior fusiform coordinate and the medial lingual gyrus was consistently and significantly different with Z > 2.0, and P (two tailed) < 0.05.
The Main Effect of Stimulus Duration
This variable involved only the silent reading scans. Words presented for 1000 ms were contrasted with those presented for 150 ms. The coordinates of each peak with the corresponding Z scores are shown in Table 2. Figures 1 and 2 illustrate the effects and their location in the brain.
A positive effect of duration (1000 ms > 150 ms) in regions activated was detected in posterior fusiform gyri, left sensorimotor cortex, and the left dorsolateral prefrontal cortex (in the vicinity of Broca's area) and a negative effect of duration (150 > 1000) was detected in the SMA, the right middle temporal gyrus, right temporoparietal junction, right inferior parietal sulcus, right frontal operculum, and right inferior frontal gyrus.
Interactions between Stimulus Rate and Duration
Interactions between stimulus rate and duration indicated that as stimulus rate increased (i) the positive effect of stimulus duration (1000 > 150) was stronger in the posterior fusiform gyri, the left middle fusiform gyrus, and the left dorsolateral prefrontal cortex and reduced in the right sensorimotor cortex and (ii) the negative effect stimulus duration (150 > 1000) was stronger in the cerebellum and the SMA and reduced in the left and right temporoparietal junctions, left superior temporal gyrus, left inferior parietal lobe, and right frontal operculum. These effects are illustrated in Fig. 1 .
Interactions between Stimulus Rate and Response Output
Interactions between stimulus rate and response output reflected (i) a positive effect of rate in the left sensorimotor cortex and left temporoparietal junction for aloud but not silent responses and (ii) increased activation for aloud versus silent responses in the left inferior temporal lobe for slow (20 wpm) stimulus rates.
Summary of the Significant Effects of Rate and Duration
Visual and visual association areas. In bilateral posterior fusiform gyri and the left middle fusiform gyNote. For silent reading-rest (silent-rest), separate peaks are given for the two exposure durations (150 and 1000 ms). The effect of rate (R), overexposure duration, is given in the third row, specified by the direction of the effect-positive (60 wpm) > 20 wpm) or negative (20 wpm > 60 wpm). The fourth row shows the effect of exposure duration (X) specified by the direction (150 ms > 1000 ms or 1000 ms > 150 ms) and the fifth row shows the interaction between rate and exposure duration. For reading aloud-rest (aloud-rest) and reading aloud-silent reading (aloud-silent), there was only one duration (1000 ms) and the rate variable (R) and therefore there are no results for 150 ms, the effect of exposure duration (X), or interactions between exposure duration and rate. For aloud-silent, the interaction is between rate (R) and response (silent vs aloud). When there is no significant effect is a region NS (not significant) replaces the coordinates. In the left middle fusiform gyrus, for silent-rest 1000 ms, activation ''merged'' with the left posterior fusiform gyrus and could not be resolved into a separable peak with the smoothing applied to the data. rus there were positive effects of rate and duration and interactions which illustrated that activity was strongest with fast rates and long durations. In the right middle fusiform gyrus there was a positive effect of rate but no effect of duration and in the lingual gyrus there were no significant effects of either variable.
Motor, premotor and cerebellum areas. In the cerebellum and SMA, there were positive main effects of rate and negative main effects of duration with significant interactions that indicated that activation was strongest with fast rates and short durations.
In bilateral precentral gyri, there were positive main effects of rate but no effects of duration. In the left sensorimotor cortex, there was a positive main effect of duration but in the right sensorimotor cortex this was only apparent with the slowest stimulus rate.
Temporoparietal areas. In the superior temporal gyri (close to Heschl's gyri) there were positive main effects of rate and interactions demonstrating that the effect of rate was strongest for long durations and for reading aloud. There were also positive main effects of rate in the left inferior temporal gyrus for reading silently and in the left temporoparietal junction for reading aloud. In the temporoparietal junctions there were negative main effects of rate and duration for reading silently and in these regions and in the left inferior parietal lobe, interactions demonstrated that activation was strongest at slow rates and short durations. There were also negative effects of duration (but not rate) in the right middle temporal and right inferior parietal regions.
Prefrontal areas. As stimulus rate and duration increased, activity increased in the left dorsolateral pre-
FIG. 1.
The effects of exposure duration and rate in visual and visual association areas (a), motor, premotor, and cerebellar areas (b), temporoparietal areas (c), prefrontal areas (d), and subcortical areas (e). For each graph, the y axis represents activation by the percentage rise in regional cerebral blood flow (%rCBF). The scale (−3% to +12%) is kept constant for each graph in order to illustrate the relative activation of each area. However, this has the effect of deemphasising some of the smaller effects. The x axis represents the rate of word presentation, with 20 words per minute (wpm), 40 and 60 wpm. A rate of 0 wpm is the resting baseline condition. The coordinates of the plotted points are taken from Table 2 using the contrasts (1) silently reading words presented for 150-ms durations-rest (dotted line and circles), (2) silently reading words presented for 1000-ms durations-rest (solid line and circles), and (3) reading aloud words presented for 1000-ms durations-rest (solid line and triangles). The exceptions were in regions where there were no significant main effects of reading-rest (left inferior temporal, superior temporal gyri for reading silently and left dorsolateral prefrontal). In these cases the coordinates were taken from the main effect of rate. In most regions there were no significant differences between reading aloud and reading silently with 1000-ms durations and since the graphs overlapped one another the points for reading aloud are only given in regions where there were significant differences between aloud and silent.
frontal cortex but decreased in the right frontal operculum and the right inferior frontal gyrus.
Subcortical areas. As stimulus rate increased there were small but significant increases in thalamic activity with minimal effects of stimulus duration.
DISCUSSION
Areas Where Activity Increased during Reading Words vs Rest
Reading visually presented words entails visual analysis of the words, activation of lexicosemantic representations, and retrieval and articulation of phonological representations. Subtending these processes a widespread network of brain regions was activated by reading. The activated regions can be divided into five categories (1) visual and visual association areas, (2) motor, premotor, and cerebellar areas, (3) temporoparietal areas, (4) prefrontal areas, and (5) subcortical areas. Our study was not designed to elucidate the functions of these different regions but we can propose some speculative hypotheses from the results of previous studies. For example, in the study by Price et al. (1994) , visual analysis and articulation of the phonological response were minimized by (i) contrasting reading to a baseline involving the visual presentation of false font stimuli and (ii) instructing subjects to view words silently without articulation. Under these conditions activity was not detected in visual and visual association areas, bilateral subcortical areas, sensorimotor cortex, the inferior parietal cortices, or Heschl gyri, suggesting that in the present study these regions are dedicated to visual analysis, articulation of phonology, and listening to one's own voice. The regions which were activated in both studies were the cerebellum, the posterior temporal lobes, and prefrontal and precentral cortices. Activity in the cerebellum and precentral gyri is probably associated with internal preparation to articulate and the voluntary regulation of respiration (Ramsay et al., 1993) even when no verbal response is required (see Price et al., 1994) . The activity in temporal and prefrontal regions is associated with lexicosemantic processing and phonological retrieval.
The importance of the left posterior temporal and left inferior frontal region for language processing has been clearly established from neuropsychological studies (see Warrington and McCarthy, 1987; Blumstein, 1995 , for reviews). However, this study and that of Price et al. (1994) detected bilateral activity in the tem-poral and prefrontal regions. The strong right hemisphere activation is surprising given that dyslexia is seldom a consequence of right perisylvian damage. The left hemisphere can achieve normal word processing when the right hemisphere is damaged but this is not necessarily true of the right hemisphere when the left hemisphere is damaged. The role of the right hemisphere regions in word processing is at present unclear. They may act as a duplicate parallel processing system under conditions when processing demands are high (see Caplan, 1989) , for instance, when the exposure duration of the word is short. Alternatively the right hemisphere regions activated during reading may have different functions to their homologues in the left. Although the function of the right hemisphere regions in the psychological processes involved in reading is not known, this study demonstrates that they are part of a distributed language system.
Reading Aloud vs Reading Silently
The functional differences between reading aloud and silently were restricted to sound generation and the response of the auditory cortex to the sound of the subjects' voices. Activation of the cerebellum, the left precentral gyrus, the right sensorimotor cortex, and bilateral subcortical regions is consistent with the generation of sound, whereas the temporal activations are consistent with auditory processing of the sound generated.
The Effect of Stimulus Rate
The effect of stimulus rate illustrates that activation of regions associated with visual processing (bilateral posterior fusiform) and response generation (cerebellum, SMA, and bilateral precentral gyri) increased with the number of words read. There was also a positive effect rate in the superior temporal corticesaround Heschl's gyri-which was most significant during reading aloud. Activation of Heschl's gyri has been attributed to the subjects processing the sound of their own voices (see above). The positive effect of rate here is consistent with the response obtained when subjects listen to another's voice (Price et al., 1992) and with stimulus rate influencing regions involved in sensory processing. However, these superior temporal regions were also activated during silent mouthing at the highest rate of presentation, even though subjects could not hear their voices.
Finally, there was a positive effect of rate in the left dorsolateral prefrontal cortex (in the vicinity of Broca's area)-implying that this region may also be involved in stimulus analysis or response generation. An association with response generation is likely given that this region is involved in verbal fluency tasks when subjects are instructed to retrieve verbal exemplars from a given category.
The lack of effect of stimulus rate in the lingual gyrus, the frontal opercula, and the right middle temporal and right middle frontal gyri and the negative effect of rate in bilateral posterior regions of the superior temporal gyri and bilateral inferior parietal regions suggest that these regions are functionally segregated from stimulus analysis and response generation. The temporal and prefrontal regions have been associated with the word perception and retrieval-above. The response of the lingual gyrus, independent of rate and duration, suggests that the function in this area for reading is distinct from that of the surrounding posterior fusiform gyri.
The Effect of Stimulus Duration
As stimulus duration increased, the visual sensory load increased, thereby raising activity in regions involved in early visual processing. There were also small positive effects of duration in the left sensorimotor gyrus and a left dorsolateral prefrontal region (in the vicinity of Broca's area) which have not been reported before and which we have no explanation for at present.
A negative effect of duration was detected in regions associated with word processing and has previously been reported by Price et al. (1994) . The studies were not totally consistent. In the Price et al. (1994) study there were negative effects of duration in (i) the left middle temporal gyrus where a separate activation peak differentiated from the superior temporal signal with short durations and (ii) the left prefrontal cortex. Further studies are required to decide whether these interstudy differences reflect the tasks, conditions, or individual variation. However, the overall effect in both studies was that activation of temporal and prefrontal regions, the cerebellum, and the SMA was strongest with short stimulus durations.
Three possible explanations for the additional activity with short durations in word processing areas are considered. First, increased attention to short lived stimuli increases activity in word processing areas. In the present study, the negative effect of duration was most apparent in right hemisphere regions consistent with the theories of Caplan (1989) that right hemisphere processing is required when the task demands are high. Second, with short durations, cognitive processes other than those central to word processing are adopted. This "irrelevant processing" could occur more during the long interstimulus intervals associated with short durations. For instance, for 150-ms durations, the interstimulus intervals for 20, 40, and 60 wpm are 2850, 1350, and 850 ms, respectively. The corresponding interstimulus intervals for 1000-ms durations are shorter; 2000, 500, and 0 ms. This hypothesis does not hold, however, because if increased processing is related to the length of interstimulus interval, it should also follow that in the regions showing a negative effect of duration there should be a negative effect of rate. This was not shown to be the case.
A third explanation proposed by Price et al. (1994) is that if a word remains in the visual field after processing is complete, increased activation in the word recognition areas is followed by habituation of the response which manifests as decreased activation. The combined effect over the scanning time is that the decreases will counteract the increases, thereby reducing the detected activation. Confirmation of this hypothesis will require neuronal activity to be measured by a technique with a higher temporal resolution than the technique employed here. However, this theory cannot explain why in the present study, the effect of duration was strongest in the right hemisphere regions.
Our current thinking is therefore biased toward the first of the explanations proposed above-that increased attention to short lived stimuli increases activity in word processing areas particularly in the right hemisphere.
CONCLUSIONS
The overall aim of this study was to establish the presentation conditions which maximize signals associated with reading activity. In general, activity in regions associated with stimulus analysis and response generation increases with increased sensory load, while activity in regions associated with word processing decreases. The contrasting responses of the different brain regions are indicative of physiological and functional segregation. The most interesting example identified is that while the posterior fusiform gyri are strongly affected by stimulus load, activation of the lingual gyrus is independent of either stimulus rate or duration. Finally the positive effect of rate in the primary auditory cortices when subjects read aloud illustrates that in these regions we process our own voice in a qualitatively similar way to other heard voices.
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